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Electroencephalography (EEG) and blood oxygen level dependent functional magnetic
resonance imagining (BOLD fMRI) assessed the neurocorrelates of sensory processing
of visual and auditory stimuli in 11 adults with autism (ASD) and 10 neurotypical (NT)
controls between the ages of 20–28. We hypothesized that ASD performance on
combined audiovisual trials would be less accurate with observable decreased EEG
power across frontal, temporal, and occipital channels and decreased BOLD fMRI
activity in these same regions; reflecting deficits in key sensory processing areas.
Analysis focused on EEG power, BOLD fMRI, and accuracy. Lower EEG beta power
and lower left auditory cortex fMRI activity were seen in ASD compared to NT when
they were presented with auditory stimuli as demonstrated by contrasting the activity
from the second presentation of an auditory stimulus in an all auditory block vs. the
second presentation of a visual stimulus in an all visual block (AA2-VV2).We conclude
that in ASD, combined audiovisual processing is more similar than unimodal processing
to NTs.
Keywords: autism, EEG, fMRI, cross-modal sensory processing, visual, auditory
INTRODUCTION
Autism spectrum disorder (ASD) represents a potentially life long condition that is defined by
the American Psychiatric Association as containing three key features: (1) restricted interests (2)
repetitive behaviors and (3) impaired social communication (American Psychiatric Association,
2013). Arguably, deficits in social communication pose the greatest challenge for affected
individuals in their attempts to maintain healthy and productive social interactions. Therefore,
attempts to identify a neurological basis for these deficits have received a great deal of investigation
in recent years (see Amaral et al., 2008; Anagnostou and Taylor, 2011; Kana et al., 2011 for
review). Amongst these investigations, a common trend appears to involve dysfunctions in sensory
processing (Iarocci and McDonald, 2006). For a comprehensive review of how sensory processing
is affected in individuals with ASD, please see Marco et al. (2011). In brief, sensory processing
dysfunctions have been noted in ASD since the original reports by Kanner (1943) and Asperger
(1944). Difficulties in sensory behavioral responses, much like other symptoms of the spectrum
disorder, range from mild to severe, and may persist throughout adulthood (Minshew et al., 2002;
Blakemore et al., 2006; Leekam et al., 2007; Tomchek and Dunn, 2007; Crane et al., 2009). These
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difficulties may lead to self-injurious or aggressive behavior when
individuals with ASD become frustrated by their inability to
communicate their experiences. Although, there does not appear
to be a consistent pattern of sensory deficits in ASD, deficits are
more prevalent in these individuals than in those that are affected
by other developmental disabilities (Baranek et al., 2006; Leekam
et al., 2007; Ben-Sasson et al., 2009).
Evaluation of sensory processing and the integration of
sensory processing across visual and auditory modalities can
be compared in several ways when assessing differences in
individuals with ASD and neurotypical (NT) controls. One
key issue involves whether or not the auditory and/or visual
information was presented in a social context. Another issue
involves the mode of presentation of the stimuli: whether they
are auditory, visual, or mixed. Responses of ASD individuals to
auditory and/or visual, stimuli both within and outside of social
context are summarized in the following sections.
Given that difficulties with language and non-verbal social
cues (e.g., body language and facial expressions) are often
a source of problems for individuals with ASD in social
situations, investigations of auditory and visual processing have
received a great deal of attention. One common method of
observing auditory processing is by measuring the auditory
brainstem response through the use of surface electrodes.
These electrodes record electrical activity generated by the
neurons of the brainstem in response to hearing a series
of clicks and tones. While reports of latency and amplitude
vary (Rosenhall et al., 2003; Kwon et al., 2007; Dunn
et al., 2008), Källstrand et al. (2010) saw that adults with
ASD had a right-sided asymmetrical attenuation of wave
III amplitude that separated these individuals from control,
schizophrenic, and attention deficit hyperactivity disorder
individuals; suggesting abnormal lateralization preferences in
affective auditory pathways via the subcortical and brainstem
nuclei that could lead to aberrant perception of auditory
stimuli. Furthermore, children with ASD have been shown
to have typical brainstem responses to clicks, but differential
responses to varied pitch and speech sounds (Russo et al.,
2008, 2009). Together, these studies suggest that while basic
auditory processing by the brainstem may explain some
of the abnormalities in language experienced by individuals
with ASD, much of the difficulty may be attributable to
dysfunctions in higher level cerebellar and cerebral cortical
processes.
Similar to investigations of auditory processing, there are
conflicting results from visual processing studies. While some
studies suggest there is no difference in the processing of low
or high spatial frequencies with regard to the motion or form of
objects in individuals with ASD compared to NTs (De Jonge et al.,
2007; Koh et al., 2010), other studies indicate that individuals
with ASD have impairments in object boundary detection
(Vandenbroucke et al., 2008), contrast detection (Sanchez-Marin
and Padilla-Medina, 2008), and undifferentiated responses for
mid vs. high-level spatial frequency gratings (Jemel et al.,
2010), as indicated by evoked visual potentials. Much like the
observations on auditory processing, these findings suggest that
an inability to successfully integrate incoming stimuli becomes
an increasing challenge in more complicated and nuanced
tasks.
Also similar to the observations made in auditory processing,
differences are noted in the way individuals with ASD process
visual stimuli related to human interaction compared to
inanimate objects. For example, children with autism were shown
to have impairments in the processing of dynamic noise, motion
coherence, and form-from-motion detection by Annaz et al.
(2010). Further support comes from work by Parron et al.
(2008), which observed that children with ASD differed only from
neurotypical children in their ability to name emotional point-
light displays. Similar to the findings of auditory investigations,
such evidence supports the notion that dysfunctions in basic
sensory processing likely exist, but are more susceptible to
emotionally suggestive stimuli (e.g., changes in voice pitch or
facial expressions) than audio or visual presentation of non-
human objects.
Lower level multimodal processing refers to the brain’s
ability to successfully integrate stimuli from different modes
of presentation (e.g., touch vs. sight) into a single coherent
experience (e.g., biting into an apple). A previous investigation
by van der Smagt et al. (2007) used a “flash-beep” paradigm,
in which individuals with ASD were believed to have exhibited
the same illusion phenomenon experienced by NTs. During
this procedure, multiple auditory tones are paired with a single
transient visual flash. This leads to an illusion that multiple flashes
are present; thus representing an error in cross modal processing
that is common in NTs. Observing the same behavioral outcome
in individuals with ASD led to the conclusion that cross modal
processing at this level is essentially similar. Had this been
true, it would further cement the notion that difficulties in
sensory processing for these individuals are restricted to more
socially dependent interpretations of stimuli. However, Foss-
Feig et al. (2010) later demonstrated that individuals with
ASD continued to experience this illusion even when the
length of the time interval between the auditory tones and
visual flash were sufficient to negate this experience in NTs.
These findings were congruent with an electroencephalography
(EEG) study conducted by Courchesne et al. (1985) that
reported a reduction in response amplitude (compared with
typically developing children) during simultaneous presentation
of auditory and visual stimuli. This study found that multimodal
sensory processing in children with ASD tended to deviate from
NT children at the later stages of sensory integration where
stimuli are collapsed to allow for more efficient processing and
highlighted that such deficits were not limited to socially cued
stimuli.
Higher level multimodal processing differs from lower-level
multimodal processing in that it incorporates cognitive processes
such as logical reasoning or recognition of emotional cues
in addition to the integration of multiple types of sensory
processing to understand an event as it takes place (e.g., Inferring
what someone has said through the context of a conversation
even when some words cannot be heard). Deficits in higher-
level multimodal processing are therefore believed to be more
reliant upon socially cued inferences and may be responsible for
the difficulties in speech production and comprehension often
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observed in this population (Marco et al., 2011). Individuals
with ASD rely less on the lip reading portion of the McGurk
effect and therefore fail to show improvement when trained
on the visual feedback component (Smith and Bennetto, 2007;
Iarocci et al., 2010). Although it may not be consciously
acknowledged, reliance on lip reading is a common mechanism
used by NTs when attempting to comprehend instructions in
a noisy or distracting environment. In fact, Mongillo et al.
(2008) showed that individuals with ASD were capable of
processing audio and visual information related to bouncing
balls just as well as NTs, but were not as successful when it
came to human facial expressions and voices, further solidifying
the disconnect in higher-level processing of socially mediated
stimuli. Investigations of a neuroanatomical basis for multimodal
sensory processing deficits have identified several likely cortical
regions including the prefrontal cortex and temporal association
cortices (Foxe and Molholm, 2009) making them likely structures
of interest. Neuroimaging techniques, therefore, represent a
powerful tool that may resolve these questions regarding
the structural or functional basis of multimodal processing
impairment in ASD.
An example of how neuroimaging has contributed to our
understanding of ASD may be seen in investigations involving
face processing, as it represents one of the best studied visual
aspects of social interaction in individuals with autism (Schultz,
2005). Two studies by Dalton et al. (2007) used fMRI and eye
tracking technology to show reduced activations in the fusiform
gyrus and the amygdala in individuals with ASD and their
siblings and that the amount of activation in these regions
positively correlated with fixation time on the eye region of the
face (Dalton et al., 2005).
The goal of the current study was to determine the neural
correlates of cross modal audiovisual processing in young adults
(ages 20–28) with ASD as measured by behavioral accuracy, EEG
power, and blood oxygen level dependent functional magnetic
resonance imagining (BOLD fMRI) using simple auditory tones
and visual shapes. EEG power was chosen over evoked potential
as the investigative method used in this study because it allows for
a more direct observation of how the brain processes information
instead of how the brain receives different types of information in
different ways.
The use of simple auditory and visual stimuli allowed
us to determine differences between individuals with ASD
and NT controls in processing auditory, visual, and mixed
auditory–visual information by using a task that did not
incorporate complex socially charged stimuli. This approach
allowed us to specifically isolate visual and auditory processing
and visual/auditory sensory integration processes. Based on the
literature presented, we hypothesized that while adults with
ASD would likely show reduced EEG power for the alpha
and beta bands and reduced BOLD fMRI activations in the
occipital and temporal regions for unimodal presentation of
visual and auditory stimuli respectively, the greatest reductions
in EEG power and BOLD activation compared to NTs would be
observed within the frontotemporal regions during simultaneous
presentation of stimuli, highlighting their uniquely plausible role
in the integration of multimodal stimuli.
MATERIALS AND METHODS
Participants
Ten NT individuals and eleven individuals with ASD between
the ages of 20 and 28 participated in both the EEG and fMRI
study sessions. Three subjects from the ASD group and eight
from the control group were women. One subject from the ASD
and one from the control group were ambidextrous: FA13025,
FC12002. One subject from the ASD group was left-handed:
SA13022. One subject from the ASD group was diagnosed via
ADOS by a local licensed psychologist; the remaining subjects
were diagnosed through various means and screened by the
transitional living facility/schools through testing, but we were
not privy to the results. However, individuals identified through
the transitional living program had been approved by the state
of Texas to receive services based on an autism diagnosis. All
participants passed a hearing screening to ensure audibility of
the tones presented during the study. The hearing screening was
employed with an ANSI (American National Standards Institute)
calibrated screener for a range of 250 Hz through 8,000 Hz.
All participants completed a handedness questionnaire (Oldfield,
1971). This study was approved by the Human Subjects Internal
Review Board at Texas Tech University with written informed
consent from all subjects in accordance with the Declaration of
Helsinki.
Sensory Task
Across the different trial conditions, participants were presented
with a visual stimulus in the form of three dots on a screen
(in relative positions of low, middle, high), an auditory stimulus
in the form of three pure tones (250, 1000, or 3000 Hz), or
both. Each stimulus presentation, whether auditory, visual, or
both, consisted of one of five pattern types: descending, constant,
ascending, crescendo, or decrescendo. Participants were asked
to determine if the pattern displayed from the first stimulus
presentation matched the pattern displayed by the second via
a button press. Whenever both dots and tones were presented
simultaneously, they were of the same pattern type (as this
represented a single presentation of a multimodal stimulus). For
all blocks of both sessions, the first stimulus was presented for
2.7 s, followed by an inter-stimulus interval (ISI) of 1.3 s, the
second stimulus for 2.7 s, a second ISI for 1.3 s, a response screen
for 2.7 s, and finally an ISI for 1.3 s. The study paradigms for
sessions 1 and 2 are illustrated in Figures 1 and 2, respectively.
Therefore, the sensory task was designed to be completed in
two consecutive sessions. Both sessions were counterbalanced.
The first session lasted approximately 10 min. The frequencies
of the pure tones were selected to avoid distortion and masking
effects of the fMRI mechanical noise (250, 1000, and 3000 Hz).
The frequencies and intensity allowed for compensation of the
attenuation provided by the hearing protection required for all
fMRI participants.
Stimuli within session 1:
(1) Visual–Visual Stimulus (VV): patterns 1 and 2 are both
three dots occurring in sequence.
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FIGURE 1 | Diagram of stimulus presentation design for session 1. (A) Depiction of the five pattern types of visual dots (top) or auditory tones (bottom) that
participants saw/heard: Descending, Constant, Ascending, Crescendo, or Decrescendo (from left to right). (B) Description of the possible trial conditions presented
in session 1. (C) Schematic of study design. During the “response” segment the participant pressed a button to indicate whether the tones or dots in pattern 1 were
the same as those in pattern 2.
(2) Auditory–Auditory Stimulus (AA): patterns 1 and 2 are
both three pure tones played in sequence (with a blank
screen).
(3) Visual–Auditory Stimulus (VA): pattern 1 is three dots
occurring in sequence and pattern 2 is three pure tones
played in sequence (with a blank screen).
The first session consists of three blocks of stimuli. The
first block contains 20 visual–visual stimuli, the second block
contains 20 auditory–auditory stimuli, and the third block
contains 20 visual–auditory stimuli. The main goal of session
1 was to determine what happens when individuals have to
switch sensory modalities (from visual to auditory) when making
a decision about pattern matching, and whether those with
autism perform differently when crossing from visual to auditory
processing.
The second session also contained some unimodal stimulus
presentations for internal consistency, but more importantly
contained trials of mixed (simultaneous) audio/visual stimulus
presentation. This session lasted approximately 7 min. The order
of events during a stimulus is identical to the first session given in
Figure 1. Four types of possible pattern matching are presented
in the second session, given in the following list.
Stimuli within session 2:
(1) Visual–Visual Stimulus (VV): patterns 1 and 2 are both
three dots occurring in sequence.
(2) Auditory–Auditory Stimulus (AA): patterns 1 and 2 are
both three pure tones played in sequence (with a blank
screen).
(3) Visual–Auditory Stimulus (VA): pattern 1 is three dots
occurring in sequence and pattern 2 is three pure tones
played in sequence (with a blank screen).
(4) Mixed Stimulus (MM): pattern 1 is three dots occurring
in sequence and three pure tones played simultaneously.
The simultaneous dots and tones have matching patterns.
Pattern 2 is also three simultaneous dots and tones.
The second session consists of two blocks of stimuli.
The first block contains 14 visual–visual stimuli, 3 visual–
auditory stimuli, and 3 mixed stimuli. The three types of
stimuli are randomly mixed into the block. The second
block contains 14 auditory–auditory stimuli, 3 visual–auditory
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FIGURE 2 | Diagram of stimulus presentation design for session 2. (A) Description of the possible trial conditions presented in session 2.
Mixed within auditory–auditory (oddball visual) – an auditory tone sequence followed by an auditory sequence 70% of the time, and a simultaneous audio–visual
oddball 30% of the time. Mixed within visual–visual (oddball auditory) – a visual pattern followed by a visual sequence 70% of the time, and a simultaneous
audio–visual oddball 30% of the time. (B) Schematic of study design. During the “response” segment the participant pressed a button to indicate whether the tones
or dots in pattern 1 were the same as those in pattern 2.
stimuli, and 3 mixed stimuli, also all randomly mixed into
the block. The visual–auditory and mixed stimuli are meant
to be oddball events. The task was designed to assess what
happens when individuals have to switch sensory modalities
in a randomized manner, and also to assess the impact of
simultaneous visual and auditory information. A key to the
abbreviations for each of the trial types is provided in Table 1.
Further explanation of the session 2 paradigm is provided in
Figure 2.
The same sensory task was used for both the EEG and
fMRI studies and was presented through E-Prime 2.0. EEG was
performed first. fMRI was performed within a day; if not on
the same day. Participants were allowed to practice using the
clicker to respond to the cues with an example trial, but were
not explicitly trained before test sessions. The responses were
monitored for accuracy. In order to properly assess differences in
multimodal processing between the two groups it was necessary
to observe unimodal sensory processing [as represented by
the auditory–auditory (AA) and visual–visual (VV) trials] and
cross sensory processing of unimodal stimulus presentation
[represented by visual–auditory (VA) trials]. To clarify, cross
sensory processing of unimodal stimulus presentation means that
only one mode of stimulus (e.g., visual or auditory) is presented at
a given time (i.e., unimodal), but is then followed by a unimodal
presentation of the alternative type of stimulus (e.g., auditory
followed by visual or visual followed by auditory).
BEHAVIORAL ANALYSIS
EEG Session
Participants’ scores were averaged for each trial type within
sessions 1 and 2. One NT participant’s responses were lost
due to a corrupted data file. The scores represent whether
the answer given by the participant as to whether or not the
patterns matched were correct. Scores were separated for same
and different patterns. A two-way ANOVA was used to identify
stimuli where the NT group had significantly different scores
than the ASD group for a False Discovery Rate corrected,
p< 0.05.
Frontiers in Human Neuroscience | www.frontiersin.org 5 April 2016 | Volume 10 | Article 167
fnhum-10-00167 April 16, 2016 Time: 15:11 # 6
Hames et al. Cross-Modal Sensory Processing in Autism
TABLE 1 | Event abbreviations for stimulus presentations.
Session 1 Session 2
Stimulus Pattern 1 Pattern 2 Stimulus Pattern 1 Pattern 2
Visual–Visual VV1 VV2 Visual–Visual VV1 VV2
Auditory–Auditory AA1 AA2 Auditory–Auditory AA1 AA2
Visual–Auditory VA1 VA2 Visual–Auditory within Visual–Visual block VV_VA1 VV_VA2
Visual–Auditory within Auditory–Auditory AA_VA1 AA_VA2
Mixed within Visual–Visual VV_MM1 VV_MM2
Mixed within Auditory–Auditory AA_MM1 AA_MM2
BOLD fMRI Session
The same method of analysis used for EEG stimulus scores was
implemented on the fMRI stimulus scores. Participant responses
from all participants were recorded and analyzed.
EEG Methodology
EEG Procedure
Participants completed the sensory task while undergoing EEG
recording. The EEG was acquired with a 65-channel EGI
HydroCel Geodesic Sensor Net with a sampling rate of 500.
Stimuli were presented on a 10.25′′ by 13.25′′ monitor. The task
audio stimuli were presented through a set of ANSI regulated
insert earphones. Participants were given a four-button keypad
to record their responses. They were asked to only use buttons
one and two to record their “same” or “different” decision.
The presentation software tracked scores and response times as
participants responded.
EEG Power Pre-processing
Electroencephalography data were filtered using a high-pass IIR
filter at 1 Hz and a low-pass IIR filter at 50 Hz using standard
open source software, EEGLAB. The data were then visually
inspected to remove bad portions of data with large numbers
of artifacts like eye movements or noise. A method known as
independent component analysis (ICA) was used to help identify
and remove artifactual components from the data. This was done
using EEGLAB’s runica algorithm.
EEG Power Processing
After artifact removal, the data were divided into events.
Each event consisted of patterns 1 and 2 for each of the
unique stimuli within sessions 1 and 2 of the sensory task.
Tables 2 and 3 give the types of events within each session and
their abbreviations used throughout the results section. Within
the events, data were further sub-divided into 1 s segments
referred to as epochs. One-second epochs were created using
the 1st second, 2nd second, and 3rd second of each event to
capture variations in response as measured by EEG power over
time.
Electroencephalography RMS (root-mean-square) power was
computed for each participant, for each EEG channel, and
for each epoch within the alpha (8–12.6 Hz) and beta (13–
30 Hz) frequency bands. The power computations were averaged
within events for each participant. To reduce the amount
of data, EEG channels were grouped into fourteen regions,
shown in Figure 3. Participants’ channel power was averaged
for each group of channels. After grouping channels, each
participant had 2,268 power measures (14 channel regions × 3
frequency bands × 18 events × 3 epochs). Given that
the presentation and processing of the stimuli would take
approximately 1 s, the results presented in this section are
computed using the “2nd second” epochs (i.e., 1 s after stimuli
onset), with EEG power levels averaged across similar events,
resulting in 14 power measures per frequency band per event
type.
EEG Power Post-processing
Three types of statistical analysis were performed. First, group
main effects for sessions 1 and 2 were tested using repeated
measures ANOVA (rANOVA) where group (autistic or control)
was the independent variable, EEG power was the dependent
variable, and event type was the within-subject factor. The
rANOVA was first implemented without respect to channel
region (as a global measure). Next, it was implemented for each
channel region separately. Along with group main effect, the
interaction between group and event was tested for sessions 1
and 2. Second, post hoc testing was performed to determine
significant differences between group means on each type
of event within sessions 1 and 2. This was also performed
with and without distinction of channel region. Significant
differences were determined using the Tukey–Kramer method
for p < 0.05. Third, post hoc testing was also performed to
TABLE 2 | Session 1 alpha EEG power event differences by group.
Comparison Control Autistic
Higher
power
Region (channel
no.-area)
Higher
power
Region (channel
no.-area)
AA1-VV1 AA1 All
AA1-VA1 AA1 All
AA2-VV2 AA2 All
VA2-VV2 VA2 All
VV1-VA1 VA1 3-LT,14-RFP
AA2-VA2 VA2 6-RPA, 9-LC,
10-RC, 11-LF,
13-LFP
3-LT, Left temporal; 6-RPA, right posterior auricular; 9-LC, left central; 10-RC, right
central; 11-LF, left frontal; 13-LFP, left frontal pole; 14-RFP, right frontal pole.
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TABLE 3 | Session 1 beta EEG power event differences by group.
Comparison Control Autistic
Higher
power
Region (channel
no.-area)
Higher
power
Region (channel
no.-area)
AA1-VV1 AA1 All AA1 5-LPA, 9-LC
AA1-VA1 AA1 1-FC, 2-PC, 3-LT,
4-RT, 5-LPA, 6-RPA,
7-LO, 8-RO
AA2-VV2 AA2 All AA2 5-LPA
VA2-VV2 VA2 All VA2 3-LT
VV1-VA1 VA1 3-LT VA1 All
AA2-VA2 VA2 1-FC, 3-LT, 6-RPA,
9-LC, 10-RC, 11-LF,
13-LFP, 14-RFP
VA2 3-LT
1-FC, Frontal central; 2-PC, posterior central; 3-LT, left temporal; 4-RT, right
temporal; 5-LPA, left posterior auricular; 6-RPA, right posterior auricular; 7-LO, left
occipital; 8-RO, right occipital; 9-LC, left central; 10-RC, right central; 11-LF, left
frontal; 13-LFP, left frontal pole; 14-RFP, right frontal pole.
determine significant differences between events within groups
(i.e., autistic AA1 vs. autistic VA1 or control AA1 vs. control VA1)
for each channel region. Significant differences were determined
using the Tukey–Kramer method for p< 0.05.
BOLD fMRI Methodology
BOLD fMRI Procedure
The task visual stimuli were projected onto a screen above
each participant. The auditory stimuli were presented through
headphone speakers allowing the intensity to compensate for
the attenuation provided by the hearing protection and to
avoid masking effects from the mechanical noise. Participants
were given a two-button keypad to record their responses.
The presentation software tracked scores and response times as
participants responded.
Image Acquisitioning
In a separate session, participants underwent BOLD fMRI.
A structural image was obtained first, and then the same
auditory–visual task described above was administered to obtain
functional (BOLD fMRI) data. The settings on the three Tesla
Skyra MRI system were as follows:
T1-weighted structural parameters: TR = 1900 ms, TE =
2.49 ms, flip angle = 9◦, FOV = 240, slices = 192, and voxel size
= 0.9 mm× 0.9 mm× 0.9 mm.
T2∗ Echo-planar Imaging (EPI) parameters: TR = 2000 ms,
TE = 20 ms, flip angle = 80◦, FOV = 240, slices = 41, and voxel
size = 3 mm × 3 mm × 3.5 mm. fMRI images were acquired in
an ascending fashion (inferior to superior) without a gap between
slices.
Image Pre-processing
Functional data analyses were carried out using Statistical
Parametric Mapping 8 (SPM 8; Wellcome Department of
Cognitive Neurology, London UK, http://www.fil.ion.ucl.ac.uk/)
in MATLAB. For both sessions of the sensory study, each
participant’s first functional image was corrected for the anterior
commissure (AC) coordinates. All remaining images in the
sequence were realigned to the first image. Participants’ structural
images were also corrected for AC coordinates. The mean
functional images were co-registered to the reoriented structural
images, segmented using the SPM8 default tissue probability
maps, and registered and normalized to standard Montreal
Neuroimaging Institute (MNI) space. Finally, functional images
were smoothed using a 10 mm FWHM Gaussian kernel
filter.
Image Processing and Post-processing Statistical
Analyses
After preprocessing, fMRI images were analyzed using an
event-related model with a general linear model assumption.
The events in sessions 1 and 2 were modeled as regressors in
FIGURE 3 | Diagram of electrode placement and channel grouping for data reduction purposes. Original 60 channels (top) and reduction to 14 channel
groups (bottom).
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the general linear model. Contrast images were generated
at the first level (individually) for the following main
effects:
Session 1 contrasts:
(1) VV1-VA1
(2) VV2-VA2
(3) AA1-VA1
(4) AA2-VA2
(5) VV1-AA1
(6) VV2-AA2
Session 2 contrasts:
(1) VV1-VV_VA1
(2) VV2-VV_VA2
(3) AA1-AA_VA1
(4) AA2-AA_VA2
(5) VV1-VV_MM1
(6) VV2-VV_MM2
(7) AA1-AA_MM1
(8) AA2-AA_MM2
Second level contrast images were generated for within
and across group effects (ASD vs. NT) using one-sample
and two-sample t-tests on the first level contrast images.
Results were based on a family wise error (FWE) corrected
p-value threshold of p < 0.05 and k = 5 voxel threshold.
Differences between control and autistic group activations
occurred when comparing stimulus events across modes.
Activation coordinates were then transformed into Brodmann
areas (BA).
RESULTS
Behavioral Results
EEG Sessions
Supplementary Figure S1 shows the average accuracy scores for
the NT and ASD groups for the EEG sessions. No significant
differences were observed between the NT and ASD groups
across any trial types or sessions. The general trend shows that
the ASD group had lower average scores than the NT group,
with a much higher standard deviation, and that the ASD group
had lower average scores for when the patterns were the “same”
stimuli than when the stimuli were “different” (i.e., SVV vs. DVV;
SAA vs. DAA).
fMRI Sessions
Supplementary Figure S2 (Top) shows the average
scores for the NT and ASD groups for sessions 1 and
Supplementary Figure S2 (Bottom) shows the average
scores for session 2. No trial condition resulted in significantly
different scores between the NT and ASD groups in either
session.
EEG Power
Single Stimulus Presentation Trials
The results for both the alpha and beta bands are summarized
in Tables 2 and 3, respectively. For additional assistance in
visualizing channel locations presented in tables, please refer
to Figure 3. EEG average power head plots are presented
in Figure 4. Across all channels for all events, EEG average
power was lower for the ASD group (graphs of average EEG
power). Solely visual tasks displayed little, but consistent,
difference between the ASD and NT groups across both
bands. For the alpha band frequency, channel groups 1
(medial frontal), 2 (medial occipital), and 8 (right temporal)
were shown to be less active in the ASD group. For the
beta band frequency, channel group 2 was slightly less
active for the ASD group. Lastly, the “first” vs. “second”
(VV1 vs. VV2) stimulus presentation generated identical
maps of average power, suggesting presentation order
made no difference in how these stimuli were processed
by the ASD group. On the other hand, tasks containing
an auditory stimulus were consistently observed to display
significant differences in average power across multiple
channel groupings for both the alpha and beta bands. For
the alpha band frequency, the ASD group was shown to have
decreased activity across all regions: frontal (1, 11, 12, 13,
and 14), parietal (9 and 10), temporal (5 and 6), and with
the greatest differences observed for the occipital (2, 7, and
8) channels during the “first” (AA1) stimulus presentation.
A similar, but attenuated, pattern was seen for the “second”
(AA2) stimulus presentation. Lastly, the “second” cross
modal stimulus presentation (VA2; i.e., the auditory portion
of the cross modal block) produced a similar, seemingly
intermediary, pattern to AA1 and AA2. Recordings of beta
band frequencies produced similar, yet less extensive, patterns
of deactivation for each of the corresponding audio containing
trials.
Mixed (Simultaneous) Presentation Trials
The results for the average power of the alpha and beta
band frequencies for the ASD vs. NT groups are summarized
in Tables 4 and 5 as well as presented in Figures 5–7.
Figures 5 and 6 report the average power EEG head plots
for alpha and beta bands in unimodal visual presentations
and unimodal auditory presentations, respectively. Figure 7
reports the average power for alpha and beta bands in mixed
(simultaneous) presentation trials. Again, EEG average power
was lower for the ASD group across all channels for all
events (graphs of average EEG power). In this session, the
unimodal presentations of auditory and visual stimuli (AA1,
AA2, VV1, and VV2) were once again presented and were
shown to elicit similar, although not entirely identical, EEG
head plots compared to session 1. Plots of trials containing
mixed (simultaneous) stimulus presentations were more similar
to unimodal visual stimulus presentation and cross modal
trials that were embedded in a visual block (VV_VA) than
unimodal auditory or cross modal trials that were embedded
in an auditory block (AA_VA). Differences in average power
between the ASD and NT groups were consistently localized
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FIGURE 4 | Session 1 alpha and beta EEG power group differences. Results for the alpha band (left) and beta band (right) are presented. Significant
differences were determined using the Tukey–Kramer method for p < 0.05.
to reductions in both the alpha and beta bands in frontal
areas (channel groups 1 and 13) for these trials; a profile
which was consistent with the head plots observed during
the presentation of unimodal visual stimuli in both sessions
1 and 2.
BOLD fMRI
Single Stimulus Presentation Trials
In order to better observe the effects of cross sensory unimodal
processing compared to processing of a repeated presentation
of a unimodal stimulus, we created contrast maps for the
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TABLE 4 | Session 2 alpha EEG power event differences by group.
Comparison Control Autistic
Higher
power
Region Higher
power
Region
AA1-AA_MM1 AA1 All
AA1-AA_VA1 AA_VA1 1-FC, 2-PC, 3-LT,
4-RT, 5-LPA, 6-RPA,
7-LO, 10-RC, 12-RF,
13-LFP, 14-RFP
AA2-AA_MM2 AA2 4-RT
AA2-AA_VA2
VV1-VV_MM1 VV1 2-PC
VV1-VV_VA1
VV2-VV_MM2 VV2 1-FC,13-LFP
VV2-VV_VA2
1-FC, Frontal central; 2-PC, posterior central; 3-LT, left temporal area; 4-RT, right
temporal; 5-LPA, left posterior auricular; 6-RPA, right posterior auricular; 7-LO, left
occipital; 10-RC, right central; 12-RF, right frontal; 13-LFP, left frontal pole; 14-RFP,
right frontal pole.
TABLE 5 | Session 2 beta EEG power event differences by group.
Control Autistic
Comparison Higher
power
Region Higher
power
Region
AA1-AA_MM1 AA1 All
AA1-AA_VA1 AA1_VA1 3-LT, 5-LPA,
7-LO, 12-RF
AA2-AA_MM2 AA2 4-RT
AA2-AA_VA2
VV1-VV_MM1
VV1-VV_VA1
VV2-VV_MM2
VV2-VV_VA2
3-LT, Left temporal; 4-RT, right temporal; 5-LPA, left posterior auricular; 7-LO, left
occipital; 12-RF, right frontal.
ASD and NT groups from the session 1 trials. From these
contrasts we observed two conditions with significant fMRI
activation differences between the NT and ASD groups: VV2-
VA2 and AA2-VV2. Figure 8 shows VV2-VA2 (a cross sensory
unimodal processing condition) has significant fMRI activations
for ASD>NT group. This contrast examined differences in the
second visual stimulus in a sequence of two visual stimuli and
the audio stimuli in a visual audio sequence. The ASD group
exhibited greater activation of the right sided lingual and middle
occipital gyri (Brodmann area 18; BA 18R). This is of particular
interest as it represents the contrast in activity from an auditory
presentation (VA2) that followed a visual presentation vs. a visual
presentation that followed a visual presentation (VV2), thereby
highlighting the greater recruitment of occipital structures in
ASD vs. NT despite the change from a visual to auditory
stimulus.
Next, we investigated how processing of repeated presentation
of a unimodal stimulus may be affected by contrasting unimodal
processing of auditory and visual stimuli trial conditions across
the ASD and NT groups in Figure 9. In this contrast, the
activations related to the second auditory stimulus in a sequence
of two auditory stimuli were subtracted from the second visual
stimulus in a sequence of two visual stimuli. Here we see
that controls exhibited higher activation in unimodal processing
of auditory information (AA2-VV2) with predictable increased
activation of the left auditory cortex (BA 42L).
Mixed (Simultaneous) Presentation Trials
Finally, the same methodology was used to create contrast
maps to observe the effects of multimodal stimulus presentation
during session 2. From this, AA_MM2-AA2 was the only
contrast map to show significance. As seen in Figure 10,
it showed greater activity in the NT than ASD group for
the right fusiform gyrus (BA 37R). This contrast consists of
activation during the second presentation of a sequence of
two multimodal stimuli minus the second presentation in a
sequence of two audio stimuli. In this case the multimodal
stimuli were surprise stimuli that were applied to only a small
percentage of a larger stimulus block made of mostly sequences
of two audio stimuli followed by another sequence of two audio
stimuli.
EEG Beta Power Correlations to fMRI Findings
Supplementary Figure S3 illustrates the EEG beta power plots
for the relevant channels corresponding to the regions of interest
observed in the fMRI results. EEG beta power plots are consistent
with the fMRI observations for both session 1 contrasts (VA2-
VV2 and AA2-VV2). However, the EEG beta power plot for the
session 2 contrast AA_MM2-AA2 shows higher beta power in
the temporal region amongst the ASD group; a finding which is
inconsistent with the fMRI results.
DISCUSSION
Interpretation of Behavioral
Observations
Behaviorally, we see that adults with ASD were shown to perform
equally as accurately across all trial types. The lack of a consistent
difference across trial types led us to conclude that similar to the
works of van der Smagt et al. (2007) and Mongillo et al. (2008) the
use of pure tones and flashes was successfully simple enough to
elicit similar behavioral responses between both groups; allowing
us to better assess differences in how their brains processed the
stimuli without major reservations concerning the adults with
ASD’s lack of higher-level comprehension of the task at hand
affecting our interpretation.
EEG Observations Suggest Greater
Deficits in Auditory Processing Relative
to Visual Processing in Adults with ASD
From our EEG recordings we consistently observed that trials
containing an auditory component displayed lower average
power across both the alpha and beta frequencies in nearly all
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FIGURE 5 | Session 2 alpha and beta EEG power group differences-unimodal visual presentations. Results for the alpha band (left) and beta band (right)
are presented. Significant differences were determined using the Tukey–Kramer method for p < 0.05.
channel groupings (frontal, temporal, and occipital). The indirect
incorporation of a visual stimulus, as seen in the cross modal
trials (VA2 and AA_VA2), led to fewer areas of under-activation
and the use of simultaneous presentation of audiovisual stimuli
(AA_MM1, AA_MM2) resulted in near total compensation.
Furthermore, simultaneous audiovisual presentation closely
resembled unimodal visual stimulus presentation, suggesting
that processing of visual flashes by adults with ASD was far
more similar to NTs than the processing of auditory tones.
Although, deficits in both auditory and visual domains have been
previously reported, to our knowledge this is the first study to
explicitly demonstrate the individual deficits of these modalities
within the same experimental paradigm. Within this paradigm
we see that the incorporation of visual flashes allowed this group
of adults with ASD to process stimuli in a manner similar
to NTs.
BOLD fMRI Supports EEG Observations
of Greater Disparity during Unimodal vs.
Multimodal Presentation
Blood oxygen level dependent functional magnetic resonance
imagining observations in this study focused on contrasting
differences between the ASD and NT groups in terms of
how processing differed between the presentation types. In
accordance with our EEG observations discussed above, the
heightened left auditory cortex activation (BA 42L) observed
in the NT group during the unimodal contrast of AA2-
VV2 aligns with previous research which associated BA
42L with auditory tone processing (Menéndez-Colino et al.,
2007) and corroborates our behavioral and EEG power
observations of the ASD group being less accurate and showing
reduced power in response to auditory rather than visual
stimuli.
Furthermore, the ASD group exhibited increased activation
in the right lingual and middle occipital gyri (BA 18R)
during VV2-VA2; a finding that was also consistent with our
EEG findings (Supplementary Figure S3). This condition
represents cross sensory unimodal processing and these
areas have been previously associated with visual pattern
matching (Pessoa et al., 2002) and non-conscious visual
processing (Slotnick and Schacter, 2006). Such findings
suggest that the ASD group persisted in engaging visual
processing centers during the presentation of auditory stimuli.
This suggests a greater reliance on visual information,
in congruence with our other observations, as well as
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FIGURE 6 | Session 2 alpha and beta EEG power group differences-unimodal auditory presentations. Results for the alpha band (left) and beta band
(right) are presented. Significant differences were determined using the Tukey–Kramer method for p < 0.05.
a difficulty in switching between visual and auditory
information.
Finally, evidence from our BOLD fMRI contrasts of the
unimodal and mixed (simultaneous) stimulus presentations
demonstrated the full effect of this difference in visual and
auditory processing. Given that the AA_MM2-AA2 represented
a situation in which the second presentation of simultaneous
audiovisual stimuli were hidden inside of an all auditory block
and were contrasted to the second presentation of auditory
stimuli within a unimodal auditory block this condition allowed
for the assessment of visual aid within an auditory context.
Although, our EEG data showed that incorporation of visual
stimuli was associated with reduced differences in power between
the NT and ASD groups (in fact, the ASD group showed higher
EEG beta power than the NTs; Supplementary Figure S3) NTs
were shown to have increased activation of the right fusiform
gyrus (BA 37R) during this contrast. This area has been associated
with selective attention (Le et al., 1998) and visual recognition
of objects (Slotnick and Schacter, 2006; in this case, presumably,
the oval shape of the flash). Its activity in NTs suggests they
are maintaining attention on the visual aspect of patterns and
utilizing visual memory more than their ASD counterparts.
It is therefore possible that while the incorporation of visual
stimuli lessens the difference between the two groups NTs benefit
more so than ASDs. This may in turn explain the paradoxical
heightened EEG beta power observed in ASDs for this condition.
The heightened EEG beta power may represent a higher level of
diffuse temporal lobe activity that is necessary to compensate for
the lack of activity in the right fusiform gyrus.
The current study attempted to assess non-human multimodal
auditory and visual stimulus processing in adults with ASD
through the use of EEG and BOLD fMRI. Recognizing that
this would be a multi-level process, stimuli were assessed in
unimodal, cross-modal, and multimodal presentations. In an
effort to further dissect the potential differences in sensory
processing between ASD and NT groups, the mode of stimulus
presentation, as well as the order in which it was presented (“first”
or “second”) was examined. Using this methodical approach
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FIGURE 7 | Session 2 alpha and beta EEG power group differences-multimodal presentations. Results for the alpha band (left) and beta band (right) are
presented. Significant differences were determined using the Tukey–Kramer method for p < 0.05.
to stimulus presentation allowed for better interpretation of
how each level of processing (i.e., assessment of simple
sensory processing via unimodal stimulus presentation and
assessment of lower-level sensory integration via presentation
of cross modal and multimodal stimuli) was affected in these
individuals with the added confidence that these observations
were made within the same individuals within the same
experimental parameters using two forms of neuroimaging
assessment.
Surprisingly, increasing levels of complexity (i.e.,
unimodal→cross modal→multimodal) in stimulus presentation
did not result in heightened deficits in ASD performance.
Instead, through the use of this multilevel paradigm, we observed
the greatest sources of difference in processing originated from
unimodal processing; with auditory stimuli producing greater
deficits than visual stimuli. Here it may be seen that although
each level of stimulus presentation had unique processing
deficits in the ASD group, these differences were minimized,
not maximized, through the use of simultaneous audiovisual
presentation. These findings may offer additional understanding
to the reported success of the integration of music into
teaching and therapy for individuals with ASD as simultaneous
presentation of visual cues with auditory signals may lead
to more successful processing for these individuals. (refer to
Wan et al., 2010 for review). When contrasting this finding
to previous studies that suggested simultaneous presentation
of audiovisual stimuli led to greater deficits, it is likely that
such stimuli must be self-congruent (such as the multimodal
stimuli used herein as well as music in general) to assist those
with ASD and that conflicting stimuli (where the visual and
audio stimuli directly contrast each other) may exacerbate these
deficiencies. A separate investigation of the effects of conflicting
vs. compatible simultaneous audiovisual presentation will be
necessary to address this issue.
Limitations
The current study represents an attempt to identify neural
correlates of sensory processing through the use of pure tones
and flashes in adults with ASD compared to NT controls using
EEG and BOLD fMRI. Although, clear differences in neural
correlates were observed between the ASD and NT groups, it is
important to remember that autism is a spectrum representing
a very diverse series of symptoms with varying severity. As
such, limitations of this study include that we were not privy
to documentation of the symptoms nor their severity displayed
by our participants, it only investigated adults, did not consider
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FIGURE 8 | Session 1 VV2-VA2 ASD > Controls significant fMRI activations. Axial cross sections highlighting regions of greater ASD (blue) group-level
activations are depicted for four planes. A sagittal cross section depicts the location of the axial planes (blue lines; top row). Coronal cross sections highlighting
regions of greater ASD (blue) group-level activations are depicted for four planes. A sagittal cross section depicts the location of the coronal planes (blue lines;
middle row). Sagittal cross sections highlighting regions of greater ASD (blue) group-level activations are depicted for four planes. A coronal cross section depicts
the location of the sagittal planes (blue lines; bottom row).The corresponding Brodmann areas for significant areas of activation are listed in the table at bottom
(under the heading “L5”). Statistical significance were based on a family wise error (FWE) corrected p-value threshold of p < 0.05 and k = 5 voxel threshold.
genotyping for known associated alleles, or use other biomarkers
that may further play a role in classification of participants
for neuroimaging studies (Lenroot and Yeung, 2013). It is
important to note that while we found significant observations
for simultaneous presentation of auditory and visual stimuli
contrasted to other modes of presentation the small number
of mixed trials per participant (3) causes us to proceed with
caution in our generalization of these findings. Even though
blocks of stimulus presentation were counterbalanced across
subjects and each block consisted of 20 trials, the lack of internal
repetition of a given block of stimuli for a given individual
is reason as well to limit the scope of our interpretation.
Likewise, the uneven sex distribution between our NT and ASD
groups represents a potential confound. Furthermore, trials in
which no response was made were discarded, thereby potentially
skewing the reported behavioral results. This was, however,
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FIGURE 9 | Session 1 AA2-VV2 Controls > ASD significant fMRI activations. Axial cross sections highlighting regions of greater Control (orange) group-level
activations are depicted for four planes. A sagittal cross section depicts the location of the axial planes (blue lines; top row). Coronal cross sections highlighting
regions of greater Control (orange) group-level activations are depicted for four planes. A sagittal cross section depicts the location of the coronal planes (blue lines;
middle row). Sagittal cross sections highlighting regions of greater Control (orange) group-level activations are depicted for four planes. A coronal cross section
depicts the location of the sagittal planes (blue lines; bottom row). The corresponding Brodmann area for significant areas of activation is listed in the table at
bottom (under the heading “L5”). Statistical significance were based on a FWE corrected p-value threshold of p < 0.05 and k = 5 voxel threshold.
necessary as including these trials would undoubtedly skew
the neuroimaging results leading to inaccurate assessment of
sensory processing. Additionally, we recognize that an ISI of
1.3 s may be too short to allow for optimal decomposition
of activation signal from one trial to another. We therefore
recommend use of a longer ISI for related future endeavors.
Finally, previous studies have shown that individuals with
ASD are known to display behavior and physiology that is
more similar to NTs when the stimuli are devoid of human
social cues (Mongillo et al., 2008); as was the case in this
investigation. Therefore, the degree to which simultaneous
multimodal presentation is beneficial may be limited to non-
human stimuli.
Directions for Future Work
Replication of the findings observed in this study with a
stricter inclusion/exclusion criteria that subcategorized groups
on known genotypic markers or standardized psychological
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FIGURE 10 | Session 2 AA_MM2-AA2 Control > ASD significant fMRI activations. Axial cross sections highlighting regions of greater Control (orange)
group-level activations are depicted for four planes. A sagittal cross section depicts the location of the axial planes (blue lines; top row). Coronal cross sections
highlighting regions of greater Control (orange) group-level activations are depicted for four planes. A sagittal cross section depicts the location of the coronal planes
(blue lines; middle row). Sagittal cross sections highlighting regions of greater Control (orange) group-level activations are depicted for four planes. A coronal cross
section depicts the location of the sagittal planes (blue lines; bottom row). The corresponding Brodmann area for significant area of activation is listed in the table at
bottom (under the heading “L5”). Statistical significance were based on a FWE corrected p-value threshold of p < 0.05 and k = 5 voxel threshold.
test scores and comparison of human and non-human stimuli
is warranted before broader generalization can be applied
to individuals with ASD. Further attempts to contrast the
performance of individuals with ASD to those with other forms
of developmental delay or social impairment may lead to a
more accurate understanding of how sensory processing is
functionally impaired in individuals of these respective groups.
Additionally, analyzing the trial conditions by pattern type (e.g.,
constant, increasing, decreasing, or crescendo-decrescendo) may
give insight into differential processing of stimuli across mode
of presentation (e.g., visual, auditory, or audiovisual). Finally,
the use of Diffusion Tensor Imaging and ICA across cross
sectional age groups may allow for assessment of functional
connectivity of sensory processing, thereby creating a fuller
picture of how processing is affected by structural and functional
neurobiological underpinnings.
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CONCLUSION
Our observations led us to conclude two major points. First,
greater differences in sensory processing between ASD and NT
groups existed for presentation of auditory rather than visual
stimuli, as evidenced by our EEG and BOLD fMRI findings.
Second, the presentation of multimodal stimuli minimized the
differences seen between the ASD and NT groups; as evidenced
by EEG and BOLD fMRI. This investigation has led to a greater
understanding of how adults with ASD process non-human
audiovisual stimuli and suggests that simultaneous presentation
of such stimuli may result in the most similar sensory processing
experience compared to NTs.
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FIGURE S1 | Task accuracy for EEG sessions. EEG Sensory Task session 1
(Top) and session 2 (Bottom) accuracy scores. SVV, “same” visual–visual, DVV,
“different” visual–visual, SAA, “same” audio–audio, DAA, “different” audio–audio,
SVA, “same” visual–audio, DVA, “different” visual–audio. No significant group
differences were observed.
FIGURE S2 | Task accuracy for fMRI sessions. fMRI Sensory Task session 1
(Top) and session 2 (Bottom) accuracy scores. SVV, “same” visual–visual, DVV,
“different” visual–visual, SAA, “same” audio–audio, DAA, “different” audio–audio,
SVA, “same” visual–audio, DVA, “different” visual–audio. No significant group
differences were observed.
FIGURE S3 | EEG beta Power plots corresponding to fMRI contrast
conditions of significant activation. EEG Power plots are depicted for the beta
band frequencies across the relevant channels respective to the regions of
interests identified for the fMRI contrasts: VV2-VA2 (Top), AA2-VV2 (Middle), and
AA_MM_2-AA2 (Bottom) for both the ASD and NT groups.
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